Abstract Leaf stalks (petioles) are critical components of the vascular system that conducts water from the roots to the photosynthetic apparatus of most green plants. Helical coiled cellulosic microfibrils that reinforce the tracheary elements in plant leaf petioles were isolated by a gentle treatment with alkali and acid chlorite from celery and from a number of tree species, including sugar maple, London plane, horse chestnut, tulip tree, paulownia and ginko. Analysis of the hydrolysate of celery coils gave glucose as the main product, but significant quantities of xylose and other sugars were also detected. Polarized light microscopy was used to determine the location, dimensions and handedness of the coils. The coils were made up of single or multiple parallel strands in contact, ranging up to 35 lm in diameter and several cm in length. The strand structure was chiral; significantly, only lefthanded helices were observed. An attempt is made to rationalize the left-handed structure by comparison with the spontaneous handedness observed in vitro for cellulose nanocrystals suspensions. The ubiquitous presence of coiled thickenings in petiole vascular elements indicates their importance in plant functions.
Introduction
Preliminary reports described the isolation of long tightly-coiled cellulosic filaments from the tracheary elements of celery (apium graveolens L.) (Ulkem and Gray 2006) and some tree species (Gray and Lucate 2009) . Spiral thickening of the xylem secondary wall is of course well-known, but we were interested to note that the helical coils all appeared to be left-handed. This behaviour contrasts with that of the coils produced by in vitro electro-spinning of cellulose derivatives, where both left-and right-handed coils were observed (Godinho et al. 2009 ). Manifestations of the molecular chirality of cellulosic materials have been reported at the levels of individual cellulosederived polymers (Werbowyj and Gray 1976; Harkness and Gray 1994) , cellulose nanocrystal suspensions , thin wood sections (Gray and Kam 1997) and paper (Gray 1989) . The chiral twisting of wood and paper was attributed to the right-handed twist of the cellulose microfibrils observed in the S2 layer of virtually all wood cells (Meylan and Butterfield 1978a, b) .
The helical orientation of the cellulose microfibrils is thought to be controlled during deposition by the orientation of cortical microtubules (Abe et al. 1995) , and the helical winding and fibril angle are important in determining the mechanical properties of wood (Barnett and Bonham 2004) and wood pulp fibres (Page and El-Hosseiny 1983) . The helical secondary wall thickenings often observed in water-conducting cells or tracheary elements in the primary xylem of non-woody plants allow for cell extension during elongation and growth of the surrounding tissue during plant development, and may strengthen the cell walls against collapse due to the negative pressure in the plant vascular system. In general, the orientation of cellulose microfibrils in the cell wall governs many plant functions (Burgert and Fratzl 2009) . Again, there is much evidence that the major factor in controlling microfibril orientation during cell growth is the orientation of the cortical microtubules, but some other factor must also be involved (Baskin 2001) .
Whatever the mechanism or mechanisms that result in the orientation of cellulose microfibrils, it is evident that the arrangement of microfibrils in plant cell walls is often chiral. A chiral physical interaction between microfibrillar elements of cellulose has also been demonstrated in vitro , and this raises the general question whether and under what circumstances this chiral interaction might also influence the processes that are involved in cellulose deposition. In this paper, we describe the isolation of cellulosic coils from tracheary elements of leaf petioles, the methods we used to determine coil handedness, and we comment on the possible significance of the observations.
Experimental

Materials
Fresh celery (Apium graveolens L.) was obtained from a local market. Strands of vascular bundles (the ''strings'' in celery), approximately 25 cm long, were stripped from mature petioles (Fig. 1) . After boiling in water for 30 min, the strands were soaked in 5 % w/v NaOH solution for 1 h at room temperature. After washing thoroughly, the strings were bleached with 500 mL of solution containing 40 g NaClO 2 and 7.5 g CH 3 COOH at 35°C for 1 h. The now-white strings were washed several times with distilled water until the pH of the water remained unchanged, and were stored moist under refrigeration. The carbohydrate content of the celery vascular bundle components was analysed by acid hydrolysis and high-performance anion-exchange chromatography with pulsed amperometric detection (Sullivan and Douek 1994) .
Leaves were collected in summer from trees on the campus of McGill University, Montreal, or in the vicinity thereof. The leaf petioles were cut into *1 cm lengths, and as much as possible of the petiole epidermis was removed with a razor blade, and discarded. The remains were sliced lengthwise. Cellulose was isolated from the petiole slices by a sequence of chemical treatments, with rinsing in water between each step. First, the samples were boiled for 1 h in distilled water, then in aqueous sodium dodecyl sulfate (1.5-2 %) for 1 h. This was followed by a basic treatment in 5 % NaOH for 1 h at room temperature, or in 3.5 % aq. NaOH at 85-100°C for 45-55 min, depending on the sample. Finally, after thorough rinsing in water until neutrality, the fibrous mass was bleached in a 8-10 % soln. of sodium chlorite (NaClO 2 ) in 0.4 M acetic acid for 3 h at ambient temperature. For some samples, it was necessary to repeat the bleaching step. After rinsing, the petiole structure was then partially disrupted by a brief ultrasonic treatment in water.
Polarized light microscopy
The initial detection of the isolated coiled tracheary elements stemmed from observations of the treated petiole tissue dispersed in water between microscope slide and cover glass. The wet vascular bundles from the petioles were spread on microscope slides and examined by polarized-light microscopy (Nikon Microphot-FXA with Nikon Coolpix 990 digital camera, or Nikon Eclipse LV100, with DS-Fi1 camera). The cellulose coils were readily distinguished from other vascular components by the transverse orientation of the cellulose major refractive index, as indicated by viewing between crossed polarizers with a 530 nm retardation plate. With this retardation plate in place, isotropic regions of the microscope image appear red, and birefringent elements appear blue or yellow when oriented at as shown in Fig. 2 . By simply rotating the sample stage, the colour change gives the orientation of the cellulose in the sample.
To deduce the handedness of the coils requires some care. Viewed from above, a left-handed coil lying horizontally on a microscope slide appears to be a tight S-helix. This is the usual situation. However some light may be transmitted through the cellulose coils, and if the microscope is focused on the bottom of the coils rather than the top, a tight Z-helix is observed (Fig. 3) . The apparent change from S-to Z-helix is observed as the plane of focus is moved from top to bottom of the sample. Often the handedness is more readily determined on stretched parts of the coils.
Atomic force microscopy (AFM)
Segments of wet vascular bundles, approximately 5 mm long, were placed onto a standard microscopy slide and the long helical coils were separated from other tissues with fine tweezers while viewed with a polarized-light microscope. A single helix was placed onto a piece of freshly cleaved mica and the mica was mounted on an AFM disk with double sided adhesive tape. AFM images were recorded with a Digital Instruments Multimode scanning probe microscope with a Nanoscope IIIa controller. The atomic force microscope was operated in tapping mode in air using silicon cantilevers with a resonance frequency of 250-300 kHz.
Results
We consider first the results for celery. After the chemical treatment, the vascular bundles stripped from celery appeared as long flexible white strings (Fig. 4) . When the string was gently teased apart in water and viewed with a polarized light microscope and red retardation plate, the sample displayed colors (Fig. 2 ) that depended on the orientation of the birefringent fibrillar material. On the left of Fig. 5a , the fibrils displayed the blue and yellow colors characteristic of cellulose oriented along their length. However, a significant portion of the sample showed colors corresponding to cellulose oriented across the string direction (on the right side of Fig. 5a ). The transverse orientation of cellulose was confirmed by selecting a single coil (Fig. 5b) , and observing the change from blue to yellow as the sample stage was rotated through 90° (Fig. 5c ). The transverse orientation of cellulose was due to the helical orientation of the cellulose strands isolated from these tracheary elements. At higher magnification, the helical coils were seen to be continuous, with strands in contact, but the coils could easily be pulled apart to give very long continuous strands of cellulose (Fig. 6) . The isolated coils in water are typically *50 lm in diameter, and the diameter of the cellulose fibril strand that forms the coil is *5 lm; the pitch of the contact helix is thus also *5 lm. Using the microscope method described above, it was observed that the helical coils were invariably left-handed, and if undisturbed, the individual turns of the coils were in contact with each other. Helical ''contacting coils'' have long been recognised in the celery stem, along with more extended coils and ring-shaped thickenings (Fahn 1990) , but as far as we know, their isolation and handedness have not been reported previously.
The surface morphology of an individual strand was observed by AFM. Tapping mode height images (Hanley et al. 1992 ) of the surface of the dry strand show a pattern of poorly defined corrugations or ridges at an angle of very approximately 60°to the fibril direction (Fig. 7b ), corresponding to a shallow righthanded helix. The AFM images of the surface also show what appear to be randomly oriented ''nanofibrils'', with cross-sectional dimensions of the order of 10 nm (Fig. 7a, b) . Precise AFM measurements of nanofibril dimensions in cell walls are difficult because of sample-tip artefacts (Hanley et al. 1992) , but it was possible to dry down individual nanofibrils from celery and image them on a mica surface. Measurement of the height of the isolated nanofibrils gave more reliable values, of the order of 3 nm. This is the same as the crystallite size of celery cellulose, measured perpendicular to the (020) plane by X-ray diffraction (Revol et al. 1987) . It must be stressed that whatever the orientation of the cellulose nanofibrils at the surface, the cellulose is oriented predominantly along the strand, as indicated by the birefringence observed by polarized light microscopy. It is also possible that the larger scale corrugations are artefacts of the drying process.
While celery is a very convenient petiole for study because of its unusually large dimensions and ready availability, we wanted to check if cellulose coils from more typical leaf petioles could be isolated and characterized. The leaf petioles from a number of angiosperm and one gymnosperm tree species (Table 1) were isolated and examined. The coiled elements are readily identified by their colour in the polarising microscope. Figure 8a shows a sample of a Pawlonia petiole that was simply treated by boiling water, rather than by the chemical treatment. The coils are nevertheless readily seen at low magnification as the blue elements. At higher magnification, the S-helix observed when focussed on the top of the coils (Fig. 8b) indicates a left-handed helical coil. This changed to an apparent Z helix as the focus was lowered to the bottom of the coils (Fig. 8c) , but this was an artefact: the helix remained left-handed, as described in the experimental section. Left-handed coils were observed for all the species examined.
Stretching out the coils indicates that these leaf petioles often contain multiple-stranded helices (Fig. 9) . A coil isolated from a tulip tree petiole is shown in Fig. 10 (In this case again, the petiole was simply treated repeatedly with boiling water, and the tracheary elements were then mechanically separated). The undeformed coil is seen on the right. The stretched region to the left shows multiple coils of three or four individual fibrils. Breaks in the fibrils result in some single and double coils in the image. Similar multiple coils were usually observed in samples isolated from the maple and chestnut petioles, but were very rare in the celery petioles observed previously. Single and multiple (achiral) rings were also observed. In general, the isolated coils were much longer than the field of view in the microscope, and the ends of the coils looked as if they had been ruptured during isolation and subsequent treatment. However, we did observe tapered ends of coils, where the diameter of the coil (but not the diameter of the individual strand) decreased towards the end (Fig. 11) . The diameters of the contacting coils were typically between 15 and 35 lm, with lengths up to several cm, but the range of sizes varied widely within and between species to species. The fibrillar strands that made up the coils were circular in cross-section and about 0.5 lm in diameter.
In addition to the petioles of tree species listed in Table 1 , we also isolated left-handed coils from plants as diverse as rhubarb (Rheum rabarbarum), squash (Cucurbita sp) and banana (Musa sp.) Similar helical coiled structures have been isolated from wheat straw (Liu et al. 2005) . Examination of the fossil records of primitive vascular plants also shows evidence of coiled structures, some of which clearly appear to be left-handed [see for example the image of a vascular strand of Cooksonia pertoni in the paper by Edwards et al. (1992) ]. Recently, the left-handed coils isolated from lotus plants (Nelumbo nucifera) have been used as templates to prepare silver-coated conducting microcoils (Kamata et al. 2011) . No right-handed coils were observed in these or other species 
Discussion
Helical thickenings in tracheary elements are wellknown, but their isolation as individual coils has seldom been reported. Preliminary analysis for constituent sugars showed a predominance of glucose, as would be expected for cellulose-containing materials (Table 2 ). Both isolated coils and fibrillar material were analysed separately, and gave different results. The coils were richer in xylose, and showed a lower recovery of sugars than the fibrillar material, implying that the coils contain more non-cellulose material that was removed during hydrolysis. The analysis results, normalized to 100 % recovery, confirm that significant quantities of polysaccharide components other than cellulose are present, despite the fairly stringent purification procedures employed to treat the celery vascular bundles. Contacting coils were observed for all the species examined, and all were left-handed helices. The isolation of the coils provides information not readily apparent from conventional sectioning and microscopy. Several properties of the isolated coils are surprising. First, the coils, which may be single, double or multiple stranded, are very long (many centimeters in the case of coils isolated from celery and rhubarb petioles). This means that, even when tightly coiled, the coils would appear to be much longer than the individual protoxylem cells. However, the coils show a periodicity along their length, which may correspond to the original cell length (Fig. 12) . Stretching the coil (Fig. 6) shows that the individual strands are continuous, but when stretched, the individual strands show kinks at the positions marked with arrows in Fig. 11 , as if the coils were imperfectly welded together at these positions.
As has long been recognized, the main role of the spiral thickening is to reinforce the walls of the tracheary elements, which have to withstand the negative pressure within the plant vascular system during transpiration (Zimmermann 1983) . The coils thus resemble the spiral reinforcements in some garden hoses, with the major difference that the tracheary elements are under negative rather than positive pressure. The vascular system of trees in particular contains many safeguards against interruption of sap flow, and in tree leaf petioles, where the negative pressure is high and unprotected by the solid wood structure, the contacting-coil structure seems to be an elegant way to reinforce a conduit, while retaining some flexibility. The contacting coils might play another role in strengthening petiole structure. The mechanical properties of petioles of annual plants and deciduous trees depend mainly on the internal turgor pressure; the fibrillar cellulosic components (and the petiole epidermis) show high strength and modulus only in tension. However it seems possible that the contacting coils, held in restraint by the surrounding fibrillar material, can contribute a high compressive modulus, and hence supplement the turgor pressure in stiffening the structure to bending (Fig. 13) . The outer epidermis of the petiole (a) is strong in tension, both radially and axially, and resists the internal turgor pressure. The epidermis is reinforced by fibrillar material (often collenchyma cells) (b), strong in tension and oriented axially along the petiole. The vascular bundles contain fibrillar material, but also the coiled tracheary elements (c) which should be strong in compression. Of course, the cross-sectional shape (Pasini 2008 ) and distribution of the components in the petiole will all contribute to the effective stiffness and strength of the petiole in supporting the leaf in its role of light interceptor (Niklas 1992) . While the contribution of the coiled tracheary elements to the mechanical performance of the petiole is speculative, there seems little doubt that the coiled structure contributes to the ability of the petiole vascular system to maintain a negative pressure as the leaf is buffeted by the wind.
Only left-handed helical coils were observed in this work. This complements the observation that the cellulose microfibrils in the S2 layer of the secondary wall of virtually all wood fibres follow a shallow righthanded helix (Meylan and Butterfield 1978a) , whereas the same authors found that helical thickenings observed in some hardwood vessels and softwood tracheids were in the form of S-helices, i.e., of the opposite handedness (Meylan and Butterfield 1978b) . The relationship between these macroscopic manifestations of chirality and the intrinsic chirality of glucose and cellulose at the molecular level has proved elusive. At a length scale between the molecular and the macroscopic, there is experimental (Hanley et al. 1997; Hirai et al. 1998 ) and theoretical (Matthews et al. 2006) evidence that individual crystalline cellulose nanofibrils also form right-handed twisted structures. The details of how these chiral structures pack together to produce the chiral structures observed at larger length-scales remain speculative, but the experimental observation that suspensions of cellulose nanocrystals only form left-handed helicoidal arrangements (Fig. 14) implies a chiral interaction between linear segments of crystalline cellulose, such that parallel alignment is not the preferred state.
This experimental observation may be used to rationalize the difference in handedness between the Normalized (%) 77.5 7.0 15.5 100 Fig. 12 Periodicities along a portion of a coil isolated from a celery petiole. Gray scale image from polarized light microscopy. The arrows indicate apparent ''joints'' in the coil. Scale bar 500 lm right-handed organization of microfibrils in the wood cell secondary wall and the left handed helical structure of the tracheary elements observed in this work. To form the preferred right-handed helical orientation in the S2 layer, the orientation of the cellulose microfibrils must depart from a parallel (achiral) orientation (Fig. 15a in the manner shown schematically in Fig. 15b ). The microfibril wraps around the long axis of the wood fiber in a righthanded helix, such that, when viewed from any position along the fibre, the microfibril orientation is offset from the axis as shown in Fig. 15c .
To form the preferred left-handed helical structure of the tracheary elements, the orientation of the cellulose in the coils must also depart from the achiral organization, in this case shown by individual ringlike thickenings (Fig. 15d) often observed in the vascular systems, to give a left-handed helical coil (Fig. 15e) , whose orientation is offset from the achiral case as shown in Fig. 15f . In both cases, the direction of the offset corresponds to a left-handed helicoidal arrangement of cellulosic material when viewed perpendicular to the axis of the coil. This is the same left-handed orientation as is observed experimentally for the organization of chiral nematic cellulose nanocrystals suspensions and films along the helicoidal axis . In other words, the observed alignments of cellulose microfibrils in shallow right-handed helices (in the S2 layer of tracheids) and in tight left-handed helices (in the tracheary thickenings in petioles and vessels) are both in accord with the in vitro observations of a left-handed helicoidal arrangement of cellulose nanocrystals in CNC suspensions. Whether and how this physical interaction can influence the complex biochemical and topological processes controlling microfibril orientation during cell growth is unclear.
Of course, the primary purpose of the tracheary elements is the transport of water. As the coiled structures seem ubiquitous; they may have some role in the capillary forces that deliver water to the photosynthetic apparatus in the leaves. Kohonen and Helland (2009) showed that the helical thickenings in xylem vessels enhanced their wettability, and proposed that this may facilitate the refilling of embolized tracheary elements. Their presence in leaf petioles may indicate a similar function, in addition to the reinforcement they provide. 
Conclusions
Helical coils could be isolated in all of the species examined. The diameters of the coils usually range between 15 and 35 lm, but the sizes and range of diameters vary from species to species; we observed coils up to several cm long. The fibrillar strand that makes up the coil is circular in cross-section, around 0.5 lm in diameter. Initially the strands in a coil are in contact, but the coils can easily be extended, showing that they can be single-or multiple-stranded helices.
(Individual single rings were also observed.) To date, all the coils observed have been left-handed helices. As to function, it seems clear that the coils form a reinforcement to help prevent the collapse of the vascular elements under the negative pressure present in plant vascular systems. More speculatively, the transverse strands in the coils, when in contact, can help stiffen the petiole by providing some compressive strength to supplement the tensile strength of the axially oriented fibrillar elements. Fig. 15 Schematic representation of the microfibril orientation in shallow (b) and tight (e) helices relative to the achiral orientations (a) and (d). The displacement of orientation (c), (f) corresponds to the small angular displacement observed in chiral nematic suspensions (Fig. 14) 
